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Rapid soil analysisTotal X-ray ﬂuorescence spectroscopy (TXRF) determines concentrations of major and trace elements in mul-
tiple media. We developed and tested a method for the use of TXRF for direct quantiﬁcation of total element
concentrations in soils using an S2 PICOFOX™ spectrometer (Bruker AXS Microanalysis GmbH, Germany).
We selected 15 contrasting soil samples from across sub-Saharan Africa for element analysis to calibrate
the instrument against concentrations determined using the inductively coupled plasma-mass spectroscopy
(ICP-MS) standard method. A consistent underestimation of element concentrations using TXRF compared to
ICP-MS reference analysis occurred, indicating that spectrometer recalibration was required. Single-element
recalibration improved the TXRF spectrometer's sensitivity curve. Subsequent analysis revealed that TXRF
determined total element concentrations of Al, K, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, and Ga accurately (model efﬁ-
cacy/slope close to 1:1 line, and R2 > 0.80) over a wide range of soil samples. Other elements that could be
estimated with an acceptable precision (R2 > 0.60) compared with ICP-MS although generally somewhat
under- or overestimated were P, Ca, As, Rb, Sr, Y, Pr, Ta and Pb. Even after recalibration, compared to ICP-MS
the TXRF spectrometer produced underestimations for elements Na, Mg, Ba, Ce, Hf, La, Nd, W and Sm and over-
estimations for elements Bi, Tl and Zr. We validated the degree of accuracy of the TXRF analytical method after
recalibration using an independent set of 20 soil samples. We also tested the accuracy of the analysis using 2
multi-element standards as well as the method repeatability on replicate samples. The resulting total element
concentration repeatability for all elements analyzed were within 10% coefﬁcient of variability after the instru-
ment recalibration except for Cd and Tl. Our ﬁndings demonstrate that TXRF could be used as a rapid screening
tool for total element concentrations in soils assuming that sufﬁcient calibration measures are followed.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Soil is a critical natural resource that plays a key role in determin-
ing human well-being, providing key ecosystem services, supporting
food production, and the natural recycling of C and essential nutrients
in the environment (Smith et al., 2009). Although soils are recognized+254 207224000.
d).
.V. Open access under CC BY-NC-Nto be critically important, our knowledge of the concentration of
naturally-occurring elements in soils is limited (Smith et al., 2009).
Many sub Saharan Africa landscapes are now characterized by a com-
bination of poor soil and crop health, low water quality, and con-
sequently contributing to poor human nutrition and low levels of
economic development (Swift and Shepherd, 2007). Shepherd and
Walsh (2007) noted the urgent need to develop rapid screening tools
to characterize soils in support of agricultural development in develop-
ing countries, which are robust enough to be used under basic condi-
tions and to be applied at scale.
Spectroscopic techniques have shown promise as rapid and highly
reproducible methods of characterizing soil properties. Near- andmidD license.
Table 1
Technical speciﬁcations of the S2 PICOFOX TXRF spectrometer.
X-ray tube 50 kV, 1 mA, Mo target
Element range Na to U
Optics Multilayer monochromator, 17.5 keV
Detector, area, resolution Silicon drift, 10 mm2, b160 eV
Carrier Quartz or other material, 30 mm diameter
Sample station Cassette for 25 disks
Control PC, data transfer via serial interface
Size, weight 590 × 450 × 300 mm, 37 kg
Power consumption Max 150 W
Voltage, frequency 100–230 V ± 10%; 50–60 Hz
Manufacturer Bruker AXS Microanalysis GmbH
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fully applied to characterize chemical properties of a range of soils
(e.g. Janik and Skjemstad, 1995; Madari et al., 2006; Minasny and
McBratney, 2008; Minasny et al., 2009; Kamau-Rewe et al., 2011;
Shepherd and Walsh, 2002, 2004; Viscarra Rossel et al., 2006), and
have been employed at larger scale in combination with enhanced
geostatistics (Cobo et al., 2010). However, their applicability is limited
to a small range of elements and matrix interferences often require ex-
tensive calibration for different environments. X-ray ﬂuorescence (XRF)
spectrometry, a non-consumptive technique for multi-element deter-
mination, has been used to assess total elemental concentrations in
soil and is applicable to a wide range of matrix types. Apart from de-
manding sample preparation requirements (e.g. pressed pellets), a
major disadvantage of conventional XRF has been the poor elemental
sensitivity. Compromised element sensitivity is, in large part, a conse-
quence of high background noise levels, resulting from instrumental
geometries and sample matrix effects (Mukhtar and Haswell, 1991).
Total X-ray ﬂuorescence spectroscopy (TXRF) was designed to reduce
matrix effects by changing geometries. Sample preparation require-
ments are also reduced with TXRF compared with XRF.
In TXRF, amonochromatic X-ray beam is directed onto the sample at
a very small angle (b0.1°), less than the critical angle of external total
reﬂection for X-rays. This causes a total reﬂection of the beam's photons
after touching the sample and thus the beam has a minimum interac-
tion with the sample support over which a fewmicroliters/micrograms
of the sample are deposited (Dhara and Misra, 2011; Stosnach, 2007).
This unique geometry makes TXRF an advanced variant of conventional
XRF and leads to excitation of the sample by incoming as well as totally
reﬂected beams (Dhara and Misra, 2011). By illuminating the sample
with a totally reﬂected beam, the absorption as well as the scattering
of the beam in the sample matrix is reduced (Stosnach, 2007). The
resulting beneﬁts are a greatly reduced background noise, and conse-
quently much higher sensitivities and a signiﬁcant reduction of matrix
effects eliminating the need for external calibration (Bruker, 2007a;
Stosnach, 2005, 2007). In addition, the preparation of samples as a
thin layer largely precludesmatrix effects such as absorption or second-
ary excitation (Marguí et al., 2010; Stosnach, 2005) and consequently
it has been proposed that a single element can be used as internal stan-
dard for all elements (Dhara andMisra, 2011). These features, i.e., sam-
ple excitation by incoming and totally reﬂected beams and lower
background noise, also result in comparatively better detection limits
in TXRF than in XRF by several orders of magnitude (Dhara and Misra,
2011). Moreover, since the sample is deposited on a limited area of
the TXRF sample support, sample contamination can be controlled
(Dhara and Misra, 2011). The TXRF technique has been applied for ele-
mental analysis for both the quantitative and qualitative determination
of elements with Z > 11 (Z = atomic number). Since the wavelength
and energy of the ﬂuorescence radiation are speciﬁc for each element,
TXRF analysis is possible because the concentration of each element
can be calculated using the intensity of ﬂuorescence radiation (Bruker,
2007a). The radiation is labeled K-, L- or M-radiation depending on
the ionized shell of an atom, and an additional indication e.g. Kα1, Kβ1
and Lα1 is made depending on the reﬁlling shell (Bruker, 2007b). The
ﬂuorescence radiation emitted by the sample is then determined by
an energy-dispersive detector and the intensity is measured by means
of an ampliﬁer coupled to a multichannel analyzer (Bruker, 2007a;
Stosnach, 2007).
TXRF is efﬁcient and fast and requires only minimum specimen
quantities (Bennun and Sanhueza, 2010; Klockenkämper, 1997). It has
been employed in a variety of disciplines, including biology, physics,
biomedicine, chemistry, archeology, medicine, and geology (Bennun
and Sanhueza, 2010; West et al., 2011). TXRF analysis of soils using
the S2 PICOFOX™ TXRF spectrometer (Bruker AXS Microanalysis
GmbH, Germany) has been proposed to allow rapid and simultaneous
determination of the concentrations of many elements from Na to U
in the periodic table (Shepherd, 2010; Stosnach, 2005). However,relatively few papers exist on direct quantiﬁcation of total element con-
centrations in soil samples using the TXRFmethod. Marguí et al. (2010)
and Rousseau (2001) studied several rapid and simple analytical ap-
proaches that reducedmatrix effects, improved detection limits and ex-
plored new sample preparation methods for total selenium
determination in soils using TXRF. Although the S2 PICOFOX TXRF in-
strument comes factory calibrated, it is necessary to do quality control
to ensure a high quality of the analytical results, particularly for soils
with their varying matrix effects.
When testing the accuracy of the quantiﬁcation, it is insufﬁcient
to assess an individual instrument parameter, but rather the perfor-
mance of the complete analytical procedure, from sample preparation
to analytical result. The accuracy is tested by means of multi-element
standards with known concentrations: upon spectra evaluation, the
nominal values are compared with the measured values, and in the
case of a deviation of more than 10% an error analysis must be per-
formed (Bruker, 2007b). One of the error sources that can be a reason
for the deviation between nominal and measured values is error in
the TXRF calibration. The remedy for calibration error is the compar-
ative measurement with other reference standards and recalibration
if necessary. The quality of the results obtained using the TXRF tech-
nique is greatly impacted by the accuracy of the instrument sensitiv-
ity curve as well as the results of the standards used to calibrate the
instrument (Bennun and Sanhueza, 2010). The accuracy and detec-
tion limit of the technique are also affected by instrumental, sample
and data processing errors (Mori and Uemura, 1999). Instrumental
error factors originate from source X-ray stability, accuracy of glanc-
ing angle, position accuracy of sample stage and spurious peaks inter-
ferences, while the sample error factors arise from lateral and depth
distribution of the analyte, surface roughness and diffraction of pri-
mary X-rays (Mori and Uemura, 1999).
The objectives of this studywere to (i) develop and test an improved
analytical method for the direct quantiﬁcation of total element con-
centrations in soils using the S2 PICOFOX™ TXRF spectrometer, and
(ii) using a determined instrument sensitivity curve, test the ability to
calibrate/validate against total acid dissolution ICP-MS analysis (inter-
national standard method) for a range of elements. Soil samples from
a wide range of soils in the sub-Saharan Africa tropics and textures as
well as elemental ranges were used to develop a generalizable approach.
2. Materials and methods
The S2 PICOFOX spectrometer used in this study is a portable
benchtop TXRF instrument, featuring an air-cooled low power X-ray
metal-ceramic tube with a molybdenum target, working at 50 W of
max power, and a liquid nitrogen-free Silicon Drift Detector (SSD)
(Bruker, 2007b). A summary of the technical speciﬁcations of the in-
strument are given in Table 1. The compact S2 PICOFOX TXRF system
design allows even mobile use for measurements on-site or in the ﬁeld
because it is independent of any coolingmedia (Bruker, 2007b). Further
beneﬁts of the TXRF system are the absence of a vacuum chamber, the
absence of matrix or memory effects and the ability for multi-element
analysis (Bennun and Sanhueza, 2010). We purposely selected 15
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Fig. 1. TXRF spectra of six of the calibration soil samples measured with the S2 PICOFOX spectrometer showing peaks and the abundance of each line determined for all elements.
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Fig. 2. Set of relative element sensitivity curves of the TXRF spectrometer for original
(▲) and new ( ) K-lines values as well as original (●) and new ( ) L-lines values. One
possible explanation why the primary calibration has changed signiﬁcantly is due to a
change in the X-ray detector of the S2 PICOFOX instrument.
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mental concentrations to calibrate the S2 PICOFOX for total element
analysis in soils and an additional 20 soil samples as an independent
validation set. These samples were analyzed by both the TXRF tech-
nique and the conventional standard method of total acid dissolution
inductively coupled plasma-mass spectroscopy (ICP-MS) sodium per-
oxide (Na2O2) based fusion.
2.1. Sample selection and preparation
The 15 soil samples, for use in the testing of the applicability, accu-
racy and recalibration of the TXRFmethod, were selected from a set of
100 reference soils collected from various locations across Africa.
They were obtained from the World Agroforestry Centre (ICRAF)
archive Africa soil library. Selection of the 15 samples was based on
principal components analysis (PCA) of the following variables from
reference analytical data from both ICRAF and Crop Nutrition Services
Laboratories in Nairobi, Kenya: Sand, Silt, Clay, Fe, Ca, pH and C. After
corresponding transformation to achieve close to statistical normality
Euclidian distances were calculated based on the number of principal
components recommended by the PCA and thereafter percentiles
were calculated and ranked in an ascending order. The 15 samples
were randomly selected from each of the quartile ranges, with 4 sam-
ples from each quartile range except the ﬁrst quartile range where 3
samples were selected, using all the variables to ensure that we had
a wide variation in possible matrix inﬂuences from within the set of
100 samples. An independent validation set of 20 soil samples was se-
lected based on the Kennard–Stone sample selection algorithm
(Kennard and Stone, 1969) using a PCA of TXRF total element concen-
tration data from a set of 603 samples associated with the Africa Soil in-
formation Service (AfSIS) project (www.africasoils.net), taken from
nineteen 100-km2 stratiﬁed random sites across Africa: Ghana (3
sites), Tanzania (8), Congo (2), Mali (2), Burkina Faso (1), Malawi
(1) and Mozambique (2) (AfSIS, 2011). The soil samples were
air-dried and passed through a 2-mm sieve before being oven-
dried at 40 °C overnight. A sub-sample 5 g of each soil sample was
ground to a ﬁne powder b200 μmusing a Retsch RM 200mill (Retsch
GmbH, Haan, Germany) and thereafter, 3 g of each soil sub-sample
was further milled to b50 μm using a micronising mill (McCrone,
Westmont, U.S.A.).
2.2. Cleaning and preparation of TXRF sample carriers
The following tasks connected to cleaning of TXRF quartz glass
sample carriers were done under a laboratory fume hood to avoid
contamination: (i) mechanically wiping each sample carrier with a
ﬂuff-free tissue paper soaked in acetone (Panreac Quimica, Spain),
(ii)mounting the sample carriers onto awashing cassette then transfer-
ring the cassette into a 1000 ml glass beaker containing hot alkaline
cleaning solution (RBS 50 (Chemical Products S.A., Belgium) diluted to
ratio 5:50, RBS:double distilled water), (iii) rinsing the sample carriers
with deionized double distilled water, then transferring the washing
cassettes into 1000 ml glass beaker ﬁlled with 10% nitric acid (Sigma-
Aldrich, Germany) before heating for 2 h on a hot plate previously set
to 80 °C in a chemical fume chamber, (iv) thoroughly rinsing the
sample carriers with deionized double distilled water before trans-
ferring into a 1000 ml glass beaker containing hot (80 °C) distilled
water then rinsing the sample carriers with ultra-pure water pre-
pared using a Centra R60, Purelab Flex 2 (Elga, UK), (v) drying the
sample carriers in an oven set at 80 °C for 30 min before carefully
wiping the sample carriers with tissue paper soaked in acetone,
and ﬁnally (vi) adding 10 μl silicon solution (Serva Electrophoresis,
Germany) at the center of the sample carriers and drying the sample
carriers in an oven at 80 °C for another 30 min to leave a surface res-
idue of silicon that helped homogenize the soil suspension for TXRF
analysis.2.3. TXRF measurements
We tested a method for the direct quantiﬁcation of total element
concentration in soils using TXRF and for this an amount of approxi-
mately 50 mg of each ﬁnely ground soil sub-sample (3 g) was
mixed with 2.5 ml of Triton X-100 (Fischer Scientiﬁc, UK) solution
(0.1 vol.%) to form a soil suspension and then spiked with 40 μl of
1000 mg l−1 Selenium (Fluka Analytical, Germany) as the internal
standard. Selenium, a ubiquitous natural constituent in soil, originat-
ing from parent materials in the earth's crust is widely variable but on
a worldwide basis, Kabata-Pendias and Mukherjee (2007) estimated
an average Se content of 0.3 mg kg−1 in surface soils with levels
typically ranging from 0.05 to 3.5 mg kg−1. Even though there are
enriched Se concentrations (up to above 100 mg kg−1) in soils de-
rived from volcanic dust (Kabata-Pendias and Mukherjee, 2007)
data speciﬁc to Se concentration in Africa soils were determined for
the set of 100 reference soils collected from various locations across
Africa by TXRF at the ICRAF Spectral Diagnostics Laboratory as rang-
ing from 0.01 to 0.3 mg kg−1. We also determined concentrations
of different elements in the set of 100 reference soils, but found virtu-
ally all elements in some soils and compared with elements Sc (2.5–
5.8 mg kg−1) and Y (5.7 to 79 mg kg−1) recommended initially by
the instrument manufacturers as internal standards, Se was thus ap-
propriate for use as internal standard in TXRF analysis of soil due to
the low natural background concentration. However, for future studies,
if the soil/sediment samples have extraordinarily high Se concentrations
the application of Se is not ideal, and we recommend that a quick qual-
itative scan be applied and if high Se-signals are detected, a different
internal standard (e.g. Bismuth) can be applied.
Triton X-100, an organic compound, applied for TXRF sample
preparation, enhances the homogeneity of samples (Stosnach, 2005).
The solution was placed into an ultrasonic water bath at room temper-
ature and sonicated in continuous mode for 15 min. The solution was
then thoroughly homogenized using a digital shaker and 10 μl of the
turbid soil solution immediately dispensed on to a clean siliconised
quartz glass sample carrier, ensuring a homogenous sample. Each soil
sample, prepared as a thin ﬁlm on the quartz disk, was then dried for
10–15 min on a hot plate (Stuart® SD300) set at 52 °C and placed in a
clean laminar ﬂow hood. The ﬁnal samples for TXRF analysis contained
thin, circular soil ﬁlms on the quartz glass sample carriers. Samples
were then measured with the spectrometer in triplicate, and the rela-
tive abundance of each line was determined, as depicted in Fig. 1. The
data acquisition time was 1000 s per sample, thus requiring about 7 h
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Fig. 3 (continued).
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1 gain correction mono-element standard sample, which, in our case
was gallium, used for spectra correction of certain detector artifacts
such as background and escape peaks. A drift in the spectroscopic am-
pliﬁcation was compensated or reset by means of a gain correction, a
process in which a correction value is transferred to the spectroscopic
ampliﬁer after a duplicate measurement of a known ﬂuorescence
peak (Bruker, 2007b). The relative abundance of intensities of the dif-
ferent elements, as depicted in Fig. 1, was processed by referring to
one in particular (the internal standard) (Bennun and Sanhueza,2010). The interpretation of the TXRF spectra and data evaluation was
performed using the software program SPECTRA 6.3 (Bruker AXS
Microanalysis GmbH).
2.4. Pile-up peak correction
Pile-up peaks (also called sum-peaks) occur in samples with high
concentrations when two X-ray photons hit the TXRF detector at
the same time causing the detection of a peak at double energy of
the photon (Bruker, personal communications). Three aqueous multi-
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elements e.g. Fe, Ca, and K, including the following: (i) multi-element
solution “general”: 1 mg l−1 each of Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn,
As, Se and Sr; (ii) multi-element solution “light elements”: 100 mg l−1
Mg and 10 mg l−1 each of Al, P, S, K and Ca; as well as (iii) multi-
element solution “heavy elements”: 0.1 mg l−1 each of Pb, and Bi and
10 mg l−1 each of Pd, Cd and Sb. Pile-up peak corrections were done
manually using the SPECTRA software utilizing the data from multi-
element standards for the elements e.g. Fe, Ca and K. The X-ray ﬂuores-
cence lines of the individual elements were stored in the software in
the form of an atomic library and later identiﬁcation of the elements
was done by an interactive comparison of the observed spectra lines
and measured spectrum (Fig. 1). In order to allocate the correct intensi-
ties to the individual elements in the spectrum, a deconvolution routine
(SuperBayes) of the SPECTRA software was applied which used mea-
sured mono-element proﬁles for the evaluation of peak intensities
(Bruker, 2007b).
2.5. ICP-MS reference measurements
The selected soil samples were sent to the Analytical Geochemistry
Laboratory, British Geological Survey (BGS), UK, for conventional total
acid dissolution ICP-MS analysis. Two further sample preparation and
analysis routines were used by the BGS laboratory prior to analysis
of the set of 15 soil samples (BGS, Documented In-House Methods,
Personal communications):
(i) Fusion of 0.25 g of sample with 1 g of sodium peroxide (Na2O2)
ﬂux (used as the standard method in this study); and
(ii) Digestion of 0.25 g of sample with a mixture of 2.5 ml HF, 1 ml
HClO4 and 2.5 ml HNO3 concentrated acids.
The independent validation set of 20 soil samples was prepared
and analyzed using only the ﬁrst routine, i.e. fusion of 0.25 g of sample
with 1 g of sodium peroxide (Na2O2) ﬂux.
2.6. Evaluation of TXRF method precision
One of the TXRF method's most important source of errors that
must be minimized is variation due to sample preparation (Rousseau,
2001), thus all samples and reference materials were prepared and
presented to the instrument in an identical and reproducible manner.
In slurry sampling, only a small amount of sample can be assayed, so
samples must be very homogenous to ensure representative results
(Sánchez-Moreno et al., 2010). In ourmethod, homogenous soil sample
suspensions were obtained by ﬁne grinding of the sample and shaking
the mixture with an ultrasonic bath for about 30 min. Materials with
low density are prone to ﬂoat or agglomerate while other materials
present a hydrophobic behavior, so a dispersing agent, Triton X-100
was used in the slurry media to get a homogenous suspension. In addi-
tion, since the internal standard was added to the solution in a well-
deﬁned concentration, the uncertainty of the variations of the different
depositions of the sample on the sample holder were avoided. In order
to provide a quantitative estimate of the analytical precision for the
TXRF analysis for each element, the coefﬁcient of variability (CV) based
on triplicate analysis of each sample was calculated.
2.7. TXRF method recalibration and determination of accuracy
A consistent systematic underestimation of all element concentra-
tions using actual (non-adjusted) TXRF analysis compared to refer-
ence analysis methods (ICP-MS) was observed with the exception of
Na, Co, Zr, La, Sm, and Bi which were overestimated, indicating thatFig. 3. Actual concentrations (in mg kg−1) measured using conventional total acid dissolutio
TXRF for 15 soil samples after recalibration a: for the elements determined with high accur
determined with poor accuracy. Missing R2 values were due to missing data either referencspectrometer recalibration was required (Annex Table A1). The single-
element recalibration method was used, involving the calculation of
the calibration value for each element utilizing TXRF count statistics
and concentration data of the 15 soil samples. For this, the Excel spread-
sheet array function “linest”, which is a linear least squares curve ﬁtting
routine that ﬁtted a line in the form y = mx + bwith a non-zero inter-
cept and produced uncertainty estimates for the ﬁt values, was utilized.
The recalibration of the TXRF spectrometer then followed a sequence
that determined the relative intensity of different elements in the mea-
sured spectrum, giving rise to a sensitivity curve as depicted in Fig. 2.
The adjusted sensitivity values varied systematically with atomic num-
ber as would be expected. For the K-lines the element range goes from
Na to Zr and for L-lines from Pd to U in the periodic table (Fig. 2). The
relative element sensitivities are always just valid for a particular sys-
tem conﬁguration (Bruker, 2007a), and thus we suspect that changes
of the excitation version or detector as was the case in our TXRF system
led to new element sensitivities that were signiﬁcantly different from
the original ones (Fig. 2). Recalibration was also necessary primarily
because the prepared suspension samples did not fulﬁll the “no matrix
approach” as ideal TXRF samples with a thickness of b100 μm and
thus, we have adsorption effects in the TXRF system which decrease
with decreasing ﬂuorescence energy (Stosnach, 2013, personal com-
munications). Another minor reason was (especially for Fe) that the
concentration range in the soil samples was by orders of magnitude
higher than the original calibration range (Stosnach, 2013, personal
communications).
The independent evaluation of the accuracy of the quantiﬁcation
results after recalibration was tested using the set of 20 independent
soil samples. In addition, further evaluation of accuracy was done
using Merck (Merck KGaA, Darmstadt, Germany) and Bernd Kraft
(Bernd Kraft GmbH, Duisburg, Germany) multi-element standards,
with known concentrations of 100 mg l−1 and 10 mg l−1 simulta-
neously, by comparing the nominal values with the measured values.
All standard reference samples for investigations were prepared and
presented to the spectrometer using the same experimental condi-
tions as the soil samples investigated for this study.
3. Results and discussion
3.1. Comparisons of the analytical results after recalibration
Recalibration was successful except for a few elements (Fig. 3;
Annex 1). Elements accurately determined by TXRF (model efﬁcacy
or slope close to 1:1 line, and R2 > 0.80) compared to ICP-MS were
Al, K, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, and Ga (Fig. 3a). Most elements
with high TXRF accuracy i.e. Al, K, V, Cr, Mn, and Ga also had a good
analytical precision with CV's ranging from 6 to 10% (Table 2).
Other elements estimated with an acceptable accuracy (R2 > 0.60 to
0.80) although generally somewhat under- or overestimated were
P, Ca, As, Rb, Sr, Y, Pr, Ta and Pb (Fig. 3b). Compared to ICP-MS the
TXRF spectrometer produced non-systematic underestimations for
elements such as Na, Mg, Ba, Ce, Hf, La, Nd, W and Sm, and overesti-
mations for elements Bi, Tl and Zr, even after recalibration (Fig. 3c;
Annex 1). However, the ranges in bias and differences between
ICP-MS and TXRF results were reduced by the recalibration procedure
used (Annex 1). Because of the signiﬁcant improvements found, we
suspect that using a larger set of calibration samples would further
improve the accuracy of the instrument. The over- or underestima-
tion for some elements that had TXRF values higher or lower than
those of the ICP-MS analyses could be attributed to a number of fac-
tors during sample preparation and TXRF data processing such as
sample matrix, acid dissolution methodology, and the methodn ICP-MS (using Na2O2 fusion or HF acid fusion) versus concentrations estimated using
acy, b: for the elements determined with acceptable accuracy, and c: for the elements
e or estimated results.
Table 2
TXRFmean elemental concentrations (mg kg−1), lower detection limits (LLD) (mg kg−1)
and coefﬁcient of variability (CV %) for the calibration and validation sets. Elements are
ordered according to increasing atomic number.
Element Calibration set (n = 15) Validation set (n = 20)
Mean conc Mean LLD Mean CV Mean conc Mean LLD Mean CV
Na 5500 2400 21 16,000 4200 18
Mg 1100 450 9 17,700 5000 18
Al 78,000 300 12 40,200 300 10
Si n.d. n.d. n.d. n.d.
P 700 35 23 700 50 19
S 200 30 11 1600 45 37
Cl 70 20 57 400 35 23
K 15,000 10 6 16,300 15 10
Ca 6000 4 5 69,600 7 10
Sc 30 3 6 20 4 48
Ti 6000 2 5 4900 2 10
V 100 2 13 30 2 34
Cr 60 2 10 100 2 17
Mn 1400 1 6 1000 1 12
Fe 45,900 1 6 37,200 2 10
Co n.d. n.d. 75 1 24
Ni 20 0 6 50 1 12
Cu 30 0 6 20 0 11
Zn 80 0 6 50 0 10
Ga 20 0 7 12 0 11
As 5 0 2 0 34
Se 883 0 0 883 0 0
Br 5 0 6 20 0 11
Rb 50 0 8 70 0 11
Sr 110 0 7 200 0 10
Y 30 0 10 30 0 15
Zr 4800 317 14 170 25 19
Mo n.d. n.d. 900 160 51
Ba 60 2 31 4700 22 27
La 110 2 7 1000 12 18
Ce 130 2 14 40 2 44
Pr 20 2 16 1 1 28
Nd 20 2 42 15 2 49
Sm 5 1 8 30 1 17
Yb n.d. n.d. n.d. n.d.
Hf 1 0 26 2 0 23
Ta 7 0 3 0 37
W 1 0 1 0 31
Hg 0 0 33 15 0 17
Tl 3 0 n.d. n.d.
Pb 15 0 9 40 0 29
Bi 5 0 27 5 0 38
Th n.d. n.d. 40 0 17
Key: conc — concentration, n.d — not detected.
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data processing in a complex sample matrix such as soil was a likely
cause, especially issues to do with line interference for some elements
as well as concentrations close to the detection limit. We also hypoth-
esize there were minimal problems of contamination due to working
under a clean laminar ﬂow hood chamber but there is a need to con-
ﬁrm this in future studies e.g. contaminations from solution used dur-
ing sample preparation or silicon on the sample holder.
Despite the fact that most elements could be quantiﬁed in our soil
samples using TXRF, the technique appeared to be inappropriate for
some elements due to other limitations. We suspect that line interfer-
ences for Na, La, Ce, Ba, Nd, Hf, Ti, W and Bi, and low concentrations
close to the detection limits for Sm, made these elements difﬁcult to
analyze (Fig. 3c, Table 2). We hypothesize that the conspicuously
high TXRF estimates of Zr (Fig. 3c) result from the extremely low en-
ergy of their ﬂuorescence lines and in addition Zr has an interference
with Mo making it difﬁcult to accurately quantify this element in a
spectrometer system that uses Mo X-ray tube for excitation (Fig. 1).
In further studies there is a need to conﬁrm sample (slurry)homogeneity before/during pipetting and in addition, conﬁrm
whether there are elements that are highly concentrated in minor
mineral phases (e.g. Zr in zirconia). Lanthanum and Ce were detected
with difﬁculty in soil samples because of the line interferences with
Ba, Sm and especially Ti (Fig. 1) (Stosnach, 2010, personal communi-
cations). In the soil samples, the element Ag could not be detected
using a molybdenum tube except by means of its low intensity
L-line, but this line was strongly overlapped by the dominating
K-lines of the matrix elements K and Ca, which prevented a quantita-
tive determination using TXRF (Stosnach, 2005). In the particular case
of Hg quantiﬁcation, the procedure used (sample evaporation by dry-
ing) was unsuitable due to the high vapor pressure and low boiling
point of this element that produced evaporation and loss of Hg from
the surface of the reﬂector during the drying process. Additionally,
Si was not detected due to the use of quartz glass sample carriers
that give blank results for this element.
Since the intercept for some elements were not at zero, and based
on the good linear relationship found in the regression lines of the
measured (ICP-MS) vs estimated (TXRF) plots of the different elements
(Fig. 3a–c), we tested the possibility for alternative adjustments of
the TXRF results using the regression equation of the ICP-MS Na2O2
fusion-based results. Here, the linear regression based equation of the
ICP-MS Na2O2 fusion results (y = A + Bx), where A is the intercept
and B is the slope, was thus used to perform a linear ﬁt on our TXRF
data. Recalculated TXRF results clearly showed that such recalculation
has a large upward bias (overestimations) for all the elements with
the exception of V, Ni and Rb (Table 3). It is also striking that this
approach did not work for Bi (the recalculated Bi concentrations gave
only negative values compared to the true measured (ICP-MS) value
after recalibration) (Table 3). Thus this approach, has limitations, for
instance the models may be over-adjusting the residuals seen in some
of the individual element plots. Therefore, such correction will necessi-
tate further investigation.
3.2. Evaluation of TXRF method precision
The mean CV values for the three replications of all the soil sam-
ples, in general, indicated that the analytical precision was good
(Table 2). An inﬂuence of ±10% is normally acceptable but the value
of the CV (in %) depends on the element (especially for the light
main elements of interest (Na, P, S, and Al), there was a systematic
underestimation due to adsorption effects, as samples prepared out
of suspensions have no ideal thickness). The CV was b10% for many
of the elements detected, with the exception of Na, Al, P, S, Cl, V, Zr,
Ba, Ce, Pr, Nd, Hf, Au, Hg, and Bi in the calibration set, and Na, Mg, P,
S, Cl, Sc, V, Cr, Mn, Co, Ni, As, Y, Zr, Mo, Ba, LA, Ce, Pr, Nd, Sm, Hf, Ta,
W, Au, Pb and Bi in the validation set (Table 2). The low reproducibility
values for some elements were connected to the low counting statis-
tics caused by the low sensitivity of the TXRF instrument for light
elements (Na, Al, and P), disturbances by overlaps between elements
with high and comparatively low concentrations (V), elements present
in concentrations close to their LLD, and also variations due to sample
drying on the sample holder. Light elements are reported to be analyzed
inaccurately due to the absorption of their X-ray ﬂuorescence signals in
the air atmosphere of the instrument (Stosnach, 2005). The assumption
that the absorption in air ismore important compared to the absorption
within that sample is true for conventional XRF systems with high
distances between tube, sample and detector, however, in TXRF the dis-
tance between sample surface and detector is very short (1.5–2 mm)
and the sample ﬂuorescence is detected with high efﬁciency leading
to a high absolute efﬁciency of the method (Bruker, 2007a). Thus, the
adsorption in the air is negligible. The introduction of contaminants
e.g. Na, P, Ca, Mg and Al, in the form of dust, during sample processing
for TXRF analysis may not have had a serious consequence in our ele-
mental analysis results due to working under a laminar ﬂow hood, but
their possible impact cannot be ruled out. But then any contaminations
Table 3
Recalculated TXRF results (mg kg−1) corrected to ICP-MS Na2O2 values using the re-
gression equation for 15 soil samples (calibration set), and their comparison to mean
nominal and estimated element concentrations. Elements are ordered according to
increasing atomic number.
Element Recalculated TXRF
results (corrected
to ICP-MS Na2O2)
Estimated (TXRF)
after recalibration
procedure
Measured
ICP-MS Na2O2 fusion
value
Mean concentration Mean concentration Mean concentration
Al 91,500 78,400 78,400
P 2000 700 900
K 26,600 14,900 16,000
Ca 13,300 6100 9600
Ti 9000 6200 8000
V 100 100 100
Mn 1600 1400 1400
Fe 67,300 46,000 57,000
Ni 30 20 40
Cu 60 30 30
Zn 120 100 100
Ga 15
Rb 100 55 100
Sr 210 110 180
Y 40 30 30
Ba 2000 60 700
Ce 2200 120 150
Pr 30 20 20
Ta 25 10 10
Bi −1 5 0
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sults with the slurry method used (Table 2), however, we hypothesize
that the representativity of small amounts of inhomogenous sample
slurry might also have an effect. In addition, for quantitative TXRF anal-
ysis of particles, a size of b20 μm is recommended for best accuracy
(Bruker, 2009), but will increase preparation costs and time (Garcia-
Heras et al., 1997), while in our case particles were below 50 μm.
3.3. Evaluation of TXRF method accuracy
TXRF recalibration resulted in accurate results for most elements
of relevance to crop–livestock–human nutrition and they were esti-
mated well in the independent validation set with the exception of
a few (Table 2). Similar to what we found after recalibration of the
instrument, the TXRF spectrometer still produced non-systematic un-
derestimations for elements such as Al, S, V, Zr, Ce, Pr, Nd and Hf and
overestimations for elements Mg, P, Co, Ni, Rb, Mo, Ba, La, Sm, W, Pb,
Bi and Th compared to ICP-MS for the set of 20 independent soil sam-
ples (data not shown). Accuracy of the data was also determined by
analysis of two multi-element standards, Merck and Bernd Kraft
using the TXRF method. The Merck and Bernd Kraft multi-element
standards had certiﬁed concentrations of 100 mg l−1 and 10 mg l−1
in nitric acid 0.1 mol/l respectively. The nitric acid matrix is preferredTable 4
Evaluation of accuracy: summary of comparison between TXRF measured and reference valu
ment recalibration. CV values are for the TXRF analytical results.
Merck data (n = 48)
Element Ca Ti V Cr Mn Fe Co N
Measured 96 100 100 98 95 105 97
Reference 100 100 100 100 100 100 100 1
CV % 4 −1 0 2 5 −5 3
Bernd Kraft data (n = 10)
Element Ca Ti V Cr Mn Fe
Measured 11 10 11 11 11 11
Reference 10 10 10 10 10 10
CV % −10 −3 −5 −5 −7 −9because the elements are stable/soluble and also because of its oxidiz-
ing ability and the freedom from chemical and spectral interferences.
Upon spectral data evaluation for the two multi-element standards,
there were deviations of less than 10% for all elements when the nom-
inal values were compared with themeasured values, except for higher
deviation in the case of Sr (−18%) and Tl (23%) (Table 4). However,
these are not soil standards and hence their value is limited. One
of the limitations with the TXRF technique is the determination of
L-line elements due to line interferenceswith the strong K-lines. There-
fore, Tl could be determined by their low intensity L-lines only, yet
these lines were overlapped by the strong K-lines of the matrix ele-
ments K and Ca, which prevented accurate quantitative determination
of the element using TXRF (Stosnach, 2005), hence the high % deviation
of the measured value from the nominal value. Similarly, Sr was
determined by its K-line but there could be other line overlaps that
inﬂuence the accuracy of the peak deconvolution.
Based on the performance of TXRF with the independent valida-
tion set (Table 2), we tested the combination of the calibration
(n = 15) and independent validation (n = 20) sets to obtained a
wider range of soils and hence more reliable calibrations (Fig. 4). Be-
cause of the slight improvements found in the model efﬁcacy of these
new calibrations, the results conﬁrm our suspicion that using a larger
set of calibration samples would further improve the instrument ac-
curacy. However, the range of concentrations did not increase strong-
ly using the added validation set suggesting (i) a good pre-selection
of the original calibration set, and (ii) the need to widen the range
with additional purposely selected samples. The current TXRF cali-
bration and results will be considered for use in screening for, or
selecting, any elements we bring forward during future direct quan-
tiﬁcation of total element concentrations in soils using TXRF.
4. Conclusions
The S2 PICOFOX™ spectrometer (Bruker AXS Microanalysis
GmbH, Germany) has been reported as the world's ﬁrst and only
mobile bench-top system for a fast quantitative and semi-quantitative
multi-element microanalysis of various types of samples applying the
principles of TXRF (Stosnach, 2005). With detection limits in the ppb
to ppm range, the S2 PICOFOX™ is also reported to be ideally applicable
for trace element analysis and because of the instrument's total inde-
pendence from cooling media, it is not just applicable in the laboratory
but mobile on-site analysis (Bruker, 2007b). The suitability of this sys-
tem for themobile on-site analysis of heavy contaminated soils and sed-
iments has been reported (Stosnach, 2005). This study has reported the
possibilities and restrictions of TXRF for soil analysis application with
regard to some elements (light and L-line elements). Our results show
that TXRF is a promising technique for rapid and simultaneous determi-
nation of the concentrations ofmany elements in soil samples including
low atomic number elements such as Al, P, K and Ca, if properly
recalibrated. We developed and tested a procedure (single-elementes (mg l−1) for the Merck and Bernd Kraft multi-element standards after TXRF instru-
i Cu Zn As Se Sr Sb Tl Pb
97 100 97 100 100 95 102 77 91
00 100 100 100 100 100 100 100 100
3 0 3 0 1 5 2 23 9
Co Ni Cu Zn As Se Sr
11 11 10 11 10 10 12
10 10 10 10 10 10 10
−8 −5 0 −5 4 −3 −18
Fig. 4. Actual concentrations (in mg kg−1) measured using conventional total acid dissolution ICP-MS (Na2O2 fusion) versus concentrations estimated using TXRF for 35 soil sam-
ples after recalibration for analyses performed on combined calibration (n = 15) and independent validation (n = 20) soil sample sets. Missing R2 values were due to missing data
either reference or estimated results.
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results b10% for most of the nominal or reference values for a set
(n = 20) of validation samples aswell as twomulti-element standards.
Further, the TXRF method compared well with total acid dissolution
ICP-MS analysis for a range of elements.
Errors introduced by line interferences depend on the concentra-
tion of the interfering element and, thus, are not systematic and can-
not be corrected by the setup calibration. In general, the only factors
that can be corrected by adjusting the calibration curve are systematic
errors introduced by sample preparation. The most common factor
with the correction for systematic errors is ﬂuorescence radiation
adsorption for the light elements (Na–Ca), which are usually not
analyzed accurately due to the absorption of their X-ray ﬂuorescence
signals in the air atmosphere of the instrument (Stosnach, 2005),however, because in TXRF the distance between sample surface and de-
tector is very short (1.5–2 mm), the sample ﬂuorescence is detected
with high efﬁciency leading to a high absolute efﬁciency of the method
(Bruker, 2007a) and thus, the adsorption in the air is negligible. We
also tried the Bruker automatic pile-up correction procedure using the
SPECTRA software, however, therewere only veryminor improvements
in the results for some elements. However, we have realized that the
pile up peaks are important error sources and the current corrections,
both manual and automatic, are ineffective for some of the elements,
requiring further research. Our results of analysis of an independent
validation set as well as multi-element standards conﬁrmed the extent
of the improvement in the TXRF instrument sensitivity curve after
recalibration. Despite some non-systematic underestimation for some
elements even after recalibration, the TXRF method would be useful
Table 5
Soil quality guidelines (SQG) values (mg kg−1) for the protection of environmental and human health: summary of the compiled environmental guidelines and standards for Canada,
Australia, Dutch and UK.
Element name Canadian Land usea Australiana Dutcha United Kingdoma Australian (air-dry cultural soils)b
Industrial
level
Commercial
level
Residential
park level
Agricultural
level
SQG
low level
SQG
high level
Level Level Range Maximum Tolerable
Arsenic, As 12 12 12 12 20 70 76 32 0–20 b8000 20
Cadmium, Cd 22 22 10 1 2 10 13 10 0–1 b200 3
Chromium, Cr 87 87 64 64 80 370 78 2–50 b20,000 100
Copper, Cu 91 91 63 63 65 270 190 1–20 b22,000 100
Lead, Pb 600 260 140 70 50 220 530 0–20 b10,000 100
Mercury, Hg 50 24 7 7 0 1 36 0–1 2
Nickel, Ni 50 50 50 50 21 52 100 130 2–50 b200 50
Selenium, Se 3 3 1 1 0–5 10
Thallium, Tl 1 1 1 1
Vanadium, V 130 130 130 130
Zinc, Zn 360 360 200 200 200 410 720 3–50 b1000 300
Antimony, Sb 40 40 20 20 2 25 22
Cobalt, Co 300 300 50 40 190 1–10 b800 50
Molybdenum, Mo 40 40 10 5 190 0–5 b500 5
Silver, Ag 40 40 20 20 1 4
Tin, Sn 300 300 50 5
Barium, Ba 2000 2000 500 750
Sulfur, S 500
a SQG values calculated from ESDAT Environmental Data Management Software, available online under http://www.esdat.com.au/Environmental_Standards.aspx. (Esdat.com.au
[Internet])
b Adapted from Hock and Elstner (1995).
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Ca, K, Zn, etc. to reduce the current data uncertainty in Africa soils as
conﬁrmed by our analytical results.
The total concentration of different elements in the soil — its
geochemistry — has implications for both human and animal health,
for example, it inﬂuences the availability of a range of essential and
potentially toxic elements which has implications for their uptake
by both animals and crops (Rawlins et al., 2012). Understanding the
natural concentrations of elements in the soil can help to determine
whether, and the extent to which, soil may have been contaminated
by anthropogenic activities (Rawlins et al., 2012). Environmental
quality guidelines (EQGs) have been developed for soil element
concentration values in attempts to determine and predict concentra-
tions above which effects occur and below which effects do not occur
(Chapman et al., 2003), but these values vary by jurisdiction, land use
and by proponent as outlined for some elements in Table 5. However,
presently EQGs are not available for tropical Africa soils. Certainly in
Africa, data availability and quality are far from optimal and thus
are important constraints on the potential to carry out environmental
health mapping. Thus the role of EQGs in environmental quality as-
sessments should, at present, be restricted to assisting in determining
whether element concentrations pose relatively low or very high po-
tential for signiﬁcant toxicity to resident organisms (Chapman et al.,
2003). Much of the variation in the concentration of major and
trace elements in the soil is accounted for by the parent material
from which the soil formed (Rawlins et al., 2012). Elements, other
than those metals after uranium on the periodic table, are naturally oc-
curring and can result from non-anthropogenic sources, including
weathering, volcanic, and hydrothermal activities (Chapman et al.,
2003). Thus, the assessment of soil quality for naturally occurring ele-
ments in Africa must take into consideration regional variations in
background concentrations which strongly depend on geological
and biological characteristics as well as recent management in natu-
ral environment. As noted by Chapman et al. (2003) natural back-
ground concentrations of element in sediments or soils can vary
greatly between sites and areas and as such determinations must
be made in a geological context, accommodating both mineralogy
and provenance (origin of soil parent materials) (Chapman et al.,
2003). It should be noted that relatively high concentrations of ele-
ments can occur naturally in Africa soils thus making the distinctionbetween pollution versus naturally occurring geological assessment
difﬁcult. This is because soils do reﬂect the natural composition of
parent material and thus in some mining areas, naturally occurring
elements in soils or rocks could be characterized as “contaminated”.
Thus no single guideline on concentrations as outlined in Table 5 can
adequately represent the variance in the background concentrations
across Africa. While there may be areas that are yet able to establish
comprehensive systems of environmental health mapping, opportu-
nity to develop at least prototype systems does exist in many areas
(Briggs, 2000). In addition, a growing recognition of the need for re-
liable environmental and health data is emerging in many countries,
while the development of remote sensing technologies is greatly
increasing the potential for environmental survey and monitoring
(Briggs, 2000). Because problems of inconsistencies and uncer-
tainties in diagnosis could occur, considerable effort may be needed
in capturing suitably georeferenced element concentration data
(Briggs, 2000). Considerable scope does exist to obtain relevant
data, at least in some parts of Africa, and the possibility of developing
routine systems for data collection is undoubtedly improving. We thus
propose that the TXRF technique be used as a rapid screening tool for
assessment of total element concentrations and chemical ﬁngerprints
in soils. Element ﬁngerprints using TXRF could be further tested for in-
ferring soil chemical and physical functional properties which is of in-
terest in the Africa soils context.
Supplementary data to this article can be found online at http://
dx.10.1016/j.scitotenv.2013.05.068.
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